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Spiroski, Ana-M ishel, M .S., 2006

Health and Hum an Perform ance

M etabolic Gene A ctivation Following a Single Bout of Extended-D uration Physical
Activity and the Effects o f Carbohydrate Supplem entation
Chairperson: Dr. Brent C. R ub^^^^^^
P U R P O S E : The purpose of this study was to assess transcriptional activation and
metabolic gene expression (L K B l, GLUT4, P G C la , M APKp38, C P T l, S IR T l)
follow ing eight hours o f extended-duration exercise and the effects o f exogenous
carbohydrate supplementation, M E T H O D S : Recreationally active males (N=9)
com pleted two eight-hour bouts o f exercise consisting o f 25 m inute increm ents o f cycle
ergom etry and treadm ill exercise interspersed with three higher-intensity intervals;
subjects were allowed five m inutes of rest between segments. Subjects were provided
with a standardized breakfast and lunch and were supplied with 150 mL o f either a 10%
carbohydrate beverage (CHO) or a sweetened placebo (PLA). M uscle biopsies w ere
obtained pre- and im m ediately post-exercise. Tissue segm ents were either preserved in
R N A la ter or frozen in liquid nitrogen for future RT-PCR and Im m unoblot assays. D ata
were analyzed using t tests. R E S U L T S : There were no significant differences in m RNA
levels between the trials. There was a trend toward increased C P T l (p=0.1) m RNA
following the PLA trial when com pared to CHO. Protein analysis was inconclusive.
C O N C L U S IO N : Consistent physiological stim ulus could attenuate subsequent
activation o f substrate-dependent metabolic adaptation.
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Chapter One: Introduction
Introduction:
Endurance exercise, as a physiological stressor, challenges numerous systems
dynam ically, forcing the body to adapt in order to m aintain hom eostasis (14).
Positive adaptations to chronic physical activity include improved cardiovascular
capacity, increased capillary and m itochondrial density, and beneficial increases in
metabolic enzymes. Substrate utilization shifts towards increased fatty acid oxidation
and a decrease in the relative contribution o f endogenous carbohydrate stores such as
liver and muscle glycogen (27, 53).

The use o f carbohydrate substrates, blood glucose, and m uscle and liver glycogen is
necessary during high-intensity physical activity. During exercise, glycolysis is
indispensable in providing substrates to fuel the working muscles; muscle tissue can,
independently of horm onal (insulin) stimulation, increase glucose uptake solely in
response to contraction stimulation. It has been shown that through the translocation
o f cytosolic glucose transport proteins (GLUT4) to the muscle cell membrane,
m axim al contraction-stim ulated glucose uptake can be achieved independent of
insulin (46), unlike other body tissues where cellular glucose uptake depends largely
on the physiological state o f the tissues and direct stimulation by insulin.

In

addition to increased cellular transport, increased concentrations of glucokinases,
such as Hexokinase II (HKII), in response to chronic endurance training also enable
higher rates o f glucose uptake during high intensity endurance activity, ultimately
im proving perform ance (19, 26). The relationship between HKII and the control o f
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exogenous glucose uptake has recently been elucidated (10, 30, 35). The coupled
activity o f GLUT4 and HKII ensure skeletal m uscle uptake o f exogenous
carbohydrate previous studies assed m RNA concentration o f GLUT4 and HK II but
have not evaluated total protein concentrations, which could be independently linked
to genetic expression relative to carbohydrate supplem entation.

Exogenous carbohydrate supplem entation during exercise has been investigated
extensively (1 ,3 , 12, 24, 36, 56), and the ergogenic effect o f carbohydrate
supplementation during endurance exercise is a widely accepted and useful tool for
athletes (13). Carbohydrate supplem entation strategies, however, are highly
individualized and are generally dependent upon the athlete’s ability to m anage the
ingestion o f foodstuffs during exercise. Prolonged exercise is an extraordinary
physiological stressor during which carbohydrate supplem entation is necessary to
maintain work output throughout the duration o f the activity (15, 17, 34). However,
there are very few studies that assess carbohydrate supplem entation and m etabolic
response in exercise durations longer than 2 hours (33, 40).

The most metabolically beneficial physiological enhancem ent in response to training
is in the form o f increased m itochondrial density, or biogenesis (5, 41). Expansion o f
the m itochondrial netw ork and an increased capacity for cellular oxidative
m etabolism is controlled, in part, through the activation o f peroxisom e proliferatoractivated receptor-y coactivator-1 (P G C l) genetic expression. Expansion o f the
m itochondrial reticulum denote increased m itochondrial contents (oxidative enzym es
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and kinases) in response to endurance training (4, 5, 23, 4 1 ,4 4 ). Conditioned
endurance athletes have a higher A TP/AD P ratio at a given oxygen consum ption rate
com pared to an untrained individual due to increased oxidative capacity that confers
the added benefit of increased fat oxidation at higher absolute exercise intensities (39,
43, 54).

During prolonged exercise, highly trained individuals rely on higher rates o f fatty
acid m etabolism (com pared to untrained), which enable the sparing o f the body’s
carbohydrate stores. Levels o f circulatory free fatty acids (FFA) are relatively low
during rest, with a gradual increase during prolonged exercise; however, exercise in a
fasted state increases FFA utilization due to lim itations in carbohydrate availability.
The concom itant increased FFA and also intram uscular triacyglycerol (IMTG)
utilization during exercise requires increased oxidative capacity in order to efficiently
metabolize the substrate'*^*

. Increased IM TG storage and use in endurance-trained

athletes enables the enhanced oxidation o f lipid substrates during endurance exercise,
while IM TG response during exercise is variable in untrained subjects and is not
greatly effected following endurance exercise (31, 32,43).

Oxidation o f fatty acid substrates is highly aerobic and, although less efficient than
carbohydrate oxidation, overall energy production is com paratively higher for the
same quantity. Skeletal muscle m etabolism of FFA is reliant on a series of m olecular
m echanism s, various proteins and enzym es to catalyze mitochondrial oxidation.
Included in these are: carnitine palm itoyltransferase-1 (C P T l), carnitine acylcam itine
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translocase (CACT), and carnitine palm itoyltransferase-2 (CPT2). Augm entation o f
the com plex array o f lipid-associated oxidative enzym es is under direct genetic
control. Genetic plasticity enables imm ediate adaptation in response to an exercise
stimulus.

Increased reliance on FFA as a substrate during exercise enables the athlete to
conserve valuable carbohydrate stores in the form o f liver and muscle glycogen.
Glycogen is a renewable but lim ited synthesized glucose polym er molecule that
functions as the body’s carbohydrate reserve. Endurance athletes habitually tax
glycogen stores during training, im posing repetitive glycogen depletion and
resynthesis regimens. In addition to increased reliance on FFA oxidation, glycogen
depletion can also be slowed through the ingestion o f exogenous sources during
exercise (1 ,3 , 12).

The highly coordinated adaptation to endurance exercise is accomplished through a
complex pathway of polygenetic activation. Genetic expression, in its strictest form,
is the expression o f specific proteins, while transcriptional changes can be
sum m arized as relative levels o f m essenger RNA (mRNA), which serve as a tem plate
for protein synthesis. Increased m RNA expression has been, in numerous studies,
inaccurately referred to as increased genetic expression, which is a misnomer.
W ithout the use of an Im m unoblot (W estern) to assess total protein content, studies
can not assum e increased genetic expression from reverse transcription polym erase
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chain reactions (RT-PCR), which simply identify the existence o f a specific genetic
sequence.

Although the use o f m olecular biology and genomic analysis in the field o f exercise
physiology has been som ewhat delayed, there is a growing base o f knowledge
assessing genetic adaptations to physical activity, as well as physical inactivity (7, 8,
37, 55). From initial observations by Booth (1989) that m RNA and DNA expression
assessments are necessary for exercise physiologists to measure the physiological
effects o f exercise rather than relying solely on inferential assum ptions, genomics has
becom e an indispensable part o f human m etabolic research. The integration of
m olecular biology techniques which are comm only conducted in vitro, into in vivo
human research, enables the application o f lab-based research to real life situations.
The addition o f such techniques increases the reputability o f exercise physiology as
an independent and valuable field of scientific research. The em erging fields of
genomics and proteom ics in exercise physiology are valuable tools in the
identification o f genetic influence on various disease states, and in addition,
physiological adaptations resulting from endurance exercise (8, 55). Various studies
have assessed transcriptional control and the effects of carbohydrate supplementation
during exercise (3, 11, 12, 2 3 ,4 7 ) but few have investigated m RNA expression and
actual genetic expression (5, 11, 36). In addition, there is a com plete absence of
research exam ining prolonged exercise.
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The exercise protocol for this study will be based on a prolonged exercise procedure
previously utilized by this lab (40). Carbohydrate supplem entation will be given in a
random , double-blind crossover design. M uscle samples will be collected from the
vastus m edialis immediately pre- and post-exercise utilizing techniques fam iliar to
this lab (40). Genetic analysis and mRNA assessm ent for this study will be
conducted utilizing RT-PCR and Im m unoblot techniques to assess P G C l, HKII,
GLUT4, and C P T l.

Problem Statement:
The purpose of this study is to determ ine the effects of carbohydrate supplementation
during prolonged endurance exercise on transcriptional m arkers and genetic
expression o f m itochondrial biogenesis, glucose uptake, glucose m etabolism, and
fatty acid metabolism.

H ypothesis One:
Genetic expression and m RNA levels will be expressed as a fold-change over pre
exercise levels. It is hypothesized that carbohydrate supplem entation will increase
GLUT4 protein concentration follow ing prolonged endurance exercise, while mRNA
levels will be attenuated com pared to the placebo trial.
Justification f o r H ypothesis One:
C arbohydrate ingestion has been shown to increase the expression of GLUT4 protein
concentration, while attenuating a rise in GLUT4 m RNA during m oderate-duration
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sw im m ing in rats, while fasting upregulates GLUT4 m RNA and attenuates an
increase in GLUT4 protein concentration(36).

H ypothesis Two:
It is hypothesized that the increase in both P G C l m RN A and protein concentration
will be significantly higher following the carbohydrate trial com pared to the placebo
trial.
Justification f o r Hypothesis Two:
Caloric restriction has been shown to decrease P G C l m RNA and specific generelated protein concentrations in m ice(39), while increased carbohydrate substrate
availability has been shown to increase the rate o f degradation o f increased PG C l
mRNA and protein concentration after 5 hours o f recovery following moderateduration endurance exercise(44).

H ypothesis Three:
It is hypothesized that there will be an increase in both HKII mRNA levels and
protein concentration following prolonged exercise with carbohydrate
supplem entation when com pared to the placebo trial.
Justification fo r H ypothesis Three:
Transcriptional activity and m RNA expression o f carbohydrate m etabolism -related
genes have been shown to increase in response to a high carbohydrate diet follow ing
a m oderate-duration, exhaustive exercise trial(3).
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H ypothesis Four:
It is hypothesized that carbohydrate supplem entation will attenuate a rise in both
C P T l m RNA and protein concentration when com pared to the placebo trial.
Justification fo r Hypothesis Four:
Glucose ingestion during short-duration endurance exercise has been shown to
decrease C P T l mRNA e x p re ssio n (ll) and transcriptional activity immediately
following m oderate-duration endurance exercise(44).

Rationale of the Study:
Previous studies have been incom plete regarding actual genetic expression in
response to carbohydrate ingestion follow ing endurance activity. All previous studies
have utilized either short- and m oderate-duration endurance exercise trials.

Limitations:
The lim itations include: individual subjects’ fitness levels throughout the study,
subject compliance with the dietary control protocol, actual subject physical activity
in the days preceding each trial, pre-exercise glycogen levels, and accuracy of
ventilatory threshold m easurements.

Delimitations:
The subject population will be hom ogeneous in that all subjects are well-conditioned
m ale endurance athletes. All trials will be conducted in the Hum an Performance
Laboratory at the University o f M ontana, M issoula. Subjects will perform both the
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carbohydrate and placebo trials in a double-blind, random crossover design with at
least one week separating the trials. All trials will be conducted during the same time
throughout the day.

D efinition o f T erm s:
Biogenesis: The production o f living, functioning organisms.

E xogenous: Arising from a source outside the organism.

G enetic E xpression: The process of producing a protein from its DNA using an
m RNA-coding template sequence.

G enom ics: The study o f genes, their resulting proteins, and the role played by the
proteins the body's processes,

G lucokinase: An enzym e that facilitates phosphorylation o f glucose to glucose-6phosphate

H exokinase: An enzym e that phosphorylates a six-carbon sugar.

Im m u n o b lo t: Transfer o f electrophoretically separated proteins using an SDSPA GE gel to a nitrocellulose m em brane, to which the protein binds. The sheet is
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im m ersed in a solution containing antibodies to a specific protein and then a labeled
secondary antibody. Also known as a W estern Blot.

O x id atio n : A type o f physiological respiration requiring oxygen during which
substrates are broken down to release energy.

P ro teo m ics: The study o f sets o f proteins encoded by a genome.

R everse T ran sc rip tio n -P o iy m era se C h a in R eaction (R T -P C R ): cDNA, or
com plem entary DNA clones produced by cloning from a single source of mRNA, is
made via reverse transcription. The cD N A is then amplified using standard PCR
protocols.

T ra n sc rip tio n : The synthesis o f RNA using a DNA template.
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Chapter Two: Review of Literature
Exercise and Exogenous Carbohydrate Supplementation:
W ith increasing interest in ultra-endurance exercise and the unique physical demands
placed upon the body, it is necessary to investigate physiological adaptations and
potential methods o f perform ance enhancem ent during prolonged activity. As a
result, there are dram atic responses in blood glucose (57), muscle glycogen (54), free
fatty acid concentrations (38), blood triglycerides (21) and metabolic fuel selection
(29). It has also been shown that carbohydrate supplem entation throughout prolonged
exercise alters substrate utilization due to the availability o f exogenous sources (2).
On a wide spread physiological scale, the effects o f carbohydrate supplementation
during prolonged endurance exercise has been investigated; however, there is limited
research investigating the effects o f carbohydrate supplem entation during exercise on
the epigenetic control o f metabolism.

Metabolic Gene Expression:
Substrate m etabolism during endurance exercise is a highly coordinated, substratedependent adaptive pathw ay which is under polygenetic control. Responses to
endurance exercise at the m olecular level include increased oxidative capacity and
m itochondrial biogenesis which im prove substrate utilization and overall efficiency
(25). Genetic control o f m olecular adaptations are not fully elucidated, however,
num erous key genes have been identified (49, 51). The focus o f this study will be the
expression o f specific genes and transcriptional co-activators for mitochondrial
biogenesis [peroxisome proliferator-activated receptor-y coactivator-1 (P G C l)],
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glycolysis and transmembrane glucose transport [hexokinase II (HKII)], glucose
transport (GLUT4), and fatty acid oxidation [carnitine palm itoyltransferase 1
(C PT l)].

PGCl
Peroxisom e proliferator-activated receptors (PPARs) are prim ary regulators involved
in the upregulation of p-oxidation in skeletal muscle tissue. PPAR expression is
controlled through peroxisome proliferator-activated receptor-y coactivator-1
(PG C l). Higher levels of skeletal muscle PG C l have been shown follow ing 60
minutes o f endurance exercise in hum ans (12), and im m ediately following six hours
o f prolonged swimming in rats (47). Increased P G C l protein content is a co-activator
for m itochondrial biogenesis; the augm entation in skeletal m uscle m itochondria is an
adaptive function which increases oxidative capacity, and therefore increases the
capacity for energy production during physical activity (5). Current studies
quantifying PG C l m RNA concentration follow ing activity (using RT-PCR) suggest
there is an increase in P G C l gene expression, how ever, they do not quantify PG C l
protein concentration (W estern Blot); the statem ent that increased levels o f mRNA
show higher levels o f genetic expression is fundam entally inaccurate. W ith the
absence o f total protein quantitative techniques, previous studies do not fully prove
their hypotheses (3, 11, 12, 2 3 ,4 7 ). P G C l, in addition to mitochondrial biogenesis, is
suggested to regulate glucose transporter 4 (GLUT4) (5) and C PT 1(11) mRNA
expression during exercise, regulating both m uscular oxidative capacity and glucose
uptake.
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GLUT4
M em brane-associated glucose transporter GLUT4 is the gatekeeper o f skeletal
muscle glucose uptake. Contraction-stim ulated glucose uptake by GLUT4 supplies
the working muscle with exogenous substrates during physical activity, and has been
shown to reach m axim um levels during exercise, independent o f insulin (46).
GLUT4 expression in response to exercise has been shown to increase “rapidly” one
day following a six-hour bout of swim m ing in rats (45), and imm ediately following a
low-intensity, 6 hour bout o f swimming in rats (48). Although there is an absence of
research assessing GLUT4 in prolonged exercise in humans, shorter-duration studies
display sim ilar results (35, 50). Dietary alterations before and during exercise
dram atically effect whole-body substrate utilization (1, 16, 24, 28); in addition,
carbohydrate ingestion also exerts positive effects on GLUT4 protein content humans
(22, 36).

Previous research shows an 88% increase in GLUT4 protein concentration following
exercise with carbohydrate supplementation, while a rise in GLUT4 mRNA is
attenuated (40% over resting); conversely, an 80% increase in GLUT4 m RNA during
exercise without carbohydrate supplem entation was noted, with an attenuation in total
GLUT4 protein content (43% over resting) (36). Kuo (1999) suggests the importance
o f GLUT4 protein translation as a regulatory m echanism to protect against post
exercise hypoglycem ia. Recently, Civitarese and colleagues (2005) published data
which partially supports this hypothesis: follow ing two hours o f m oderate-intensity
cycling with carbohydrate supplem entation, subjects displayed “increasing
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hyperglycem ia” throughout, and attenuated increases in GLUT4 mRNA (total protein
was not assessed) when compared to the placebo trial.

H K II
Hexokinase II (HKII) is a m ajor regulator o f skeletal muscle glucose uptake. Glucose
uptake as a m uscular substrate is largely dependent on HKII content by catalyzing the
phosphorylation o f glucose to form glucose-6 phosphate (G6P) (18). It is suggested
that during exercise HKII directly binds to the m itochondrial m em brane and becomes
less sensitive to increasing concentrations o f G6P, therefore decreasing HKII
inhibition and increasing G6P phosphorylation capacity (6). This can be confirm ed
through the observation o f increased m itochondrial-bound HKII following insulin
stimulation (6, 9) as well as exercise. Conversely, it has been reported that increased
expression o f GLUT4 in m ice decreases HKII m RNA content; however, HK protein
content was not assessed (52).

Cheng and colleagues (2005) have recently reported significantly increased levels o f
HKII m RNA three hours following post-exercise carbohydrate supplementation when
com pared to placebo, although there were no significant differences in HKII mRNA
imm ediately following exercise; HKII m RNA levels directly m irror post-exercise
GLUT4 m RNA expression previously reported (22, 36). However, the researcher’s
speculation that carbohydrate supplem entation negatively impacts genes related to
glucose uptake in exercised skeletal muscle (10) is innately flawed, as increased
m RNA levels do not directly imply increased protein expression. In addition, Cheng
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utilized blood glucose as their sole m easurem ent o f substrate availability, and did not
assess m uscle glycogen content at any point follow ing the 60 m inute moderateintensity exercise.

It has been shown that glyconeogenesis, specifically activation of glycogen synthase
kinase 3-p, disrupts the binding o f HKII with the m itochondrial m em brane (42). This
may explain the difference Cheng identified between the trials, however, without
glycogen and HKII protein content m easurem ents, their hypothesis is not proven.
The functional nature and very purpose o f proteins enables their immediate
activation, and subsequent disposal when no longer necessary. There is currently an
absence o f research which can unequivocally describe the effects o f carbohydrate
supplementation on transcription and actual gene expression of mitochondrial
biogenesis and glucose uptake.

C P Tl
Carnitine palm itoyltransferase-1 (C P T l) is a protein involved in fatty acid uptake and
oxidation by the m itochondria. Recent studies have found an attenuation of C P T l
m RNA during recovery from exercise when supplied with a high carbohydrate diet
(44), and immediately post-exercise when supplem ented with carbohydrate (11).
Conversely, Arkinstall and colleagues (2004) noted a trend toward increased C P T l
m RNA concentration in a low carbohydrate dietary intervention, but did not see a
significant difference between low and high groups 48 hours after a “glycogen
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depleting protocol”, suggesting that transcriptional regulation o f fat-oxidative
m etabolic genes is more evident imm ediately post exercise.

Exercise intervention for the previous studies were conducted at 75% VOzpeak (44),
50% Wmax (11), and using a 55% / 95% interval protocol (3), while exercise time
(although unreported by Arkinstall) ranged from 75 minutes to 2 hours. Previous
studies have attempted to re-create typical training protocols, and dietary
interventions to assess recovery; however, there is no information evaluating the
effects o f dietary interventions on transcriptional regulation and actual gene
expression of carbohydrate- and fat-oxidative genes, as well as metabolic regulatory
genes imm ediately following prolonged endurance exercise.

Physiologic and Genetic Adaptation:
The transient increases in m etabolic gene expression and physiological adaptations of
physical activity can be dram atically altered through substrate availability. Although
an increase in mRNA concentrations can signal increased gene activity, the
appearance o f the gene tem plate (mRNA) do not ensure an increase in the actual
transcribed protein. W ithout both m RNA and actual protein concentrations,
correlated with concom itant alterations in substrate availability in the active muscle,
conclusions regarding the relationship between gene expression and substrate
availability cannot be made. Adaptation to exercise as a physiological stressor
coupled with specific feeding protocols, and the resultant expression o f specific
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metabolic regulatory genes, could provide valuable inform ation regarding identifiable
genetic m arkers o f positive adaptation to specific training protocols.
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Chapter Three: Methodology
Setting:
This study was conducted in the Hum an Perform ance Laboratory at the University o f
M ontana, M issoula, Montana.

Subjects:
Nine male subjects participated in the study; all were healthy well-trained endurance
athletes. Prior to participation a U niversity o f M ontana, M issoula IRB-approved
consent form was verbally explained and reviewed by subjects prior to signing;
subjects also completed a physical activity readiness questionnaire (PAR-Q).

Descriptive Data:
Descriptive data was collected for each subject prior to testing. Age, height (cm), and
body weight (kg) were collected; Hydrostatic weight (Exertech® Body M easuring
Systems, Dresbach, M N) was measured. Body density and fat-free mass were
calculated from the average o f three underw ater weights which were recorded within
100 grams o f each other; estim ated residual volum e was corrected for using the Siri
method.

Exercise Testing:
Each subject com pleted initial cycle testing on a V elotron electronically-braked cycle
ergom eter, and treadmill testing on a Quinton QlOO treadm ill to determine V02peak
and V O 2 at the ventilatory threshold (VT). V02peak cycle (CY) testing was initiated
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follow ing a 10-15 m inute warm-up at a self-selected intensity; the test utilized a 30
W att / min ram p protocol, continuing to volitional exhaustion or until subjects’ pedal
cadence dropped below 50 revolutions per minute (RPM). VOzpeak treadmill (TM )
testing was initiated following a 10 m inute warm-up period at 4.0 m iles per hour
(M PH) at a 0% grade. Speed was increased by 0.5% grade every 30 seconds until
20% grade was reached, at that time, speed was increased to 5.0 M PH; speed was
then increased 0.5 M PH every 30 seconds until volitional exhaustion was achieved.
Expired gas was collected and analyzed and analyzed at 15 second intervals
throughout the test using a calibrated ParvoM edics m etabolic m easurem ent system
(ParvoM edics, Inc., Sandy, UT, USA). V T was determ ined using a validated m ethod
fam iliar to this lab (20).

Experimental Testing:
Subjects were asked to refrain from strenuous exercise for the 24-hours prior to the
trial. Subjects were asked to keep a 24 hour food diary prior to each trial; diet was
standardized 24 hours prior to exercise to include a m inim um o f 5 g/kg CHO, and 1.2
g/kg protein.

Subjects reported to the lab follow ing an overnight fast. Each subject com pleted two
eight-hour bouts o f endurance exercise consisting o f 25 m inute rotating periods of
cycling and treadmill walking, at 70% VT (CY: 45% V02peak; TM: 43% V02peak)
with 3-m inute intervals at 110, 100, and 90% VT (CY: 71% , 64% , 58% VOzpeak: TM:
69% , 62% , 56% VOzpeak respectively) separated with two m inute intervals at 70%
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VT. Follow ing each hour o f exercise, subjects were allow ed a 5 m inute rest period.
In a double blind, random crossover design, subjects received either a CHO [10%
m altodextrin] or placebo (PLA) drink each hour every 15 m inutes. A standardized
breakfast (350 kcals) and lunch (400 kcals) were provided for subjects during both
CHO and PLA trials.

Muscle Biopsies:
M uscle biopsies were obtained pre- and im m ediately post-exercise from the medial
portion o f the vastus lateralis using a Bergstrom needle and suction technique. A 25
mg portion o f muscle was imm ediately subm erged in 5 ml RNA later (Ambion®) in
Rnase-free tubes; after overnight incubation at 37° C, tissue was transferred to -80° C
for storage until analysis could be completed. An additional 25 mg portion of muscle
was immediately subm erged in liquid nitrogen, and stored at -80° C for later analysis.

Tissue Analysis:
RNA isolation and reverse transcription. RNA was isolated from 20 mg wet muscle
using an RNAeasy Fibrous Tissue extraction kit (Qiagen, Valencia, California)
protocol and reagents. RNA concentration was determ ined spectophotometrically at
260 nm. cDNA was generated from 1.0 pg RNA using an iScript cDNA Synthesis
Kit (Biorad, Hercules, California) and stored at -20° for subsequent analysis.

mRNA quantification / Polymerase chain reaction. Real-tim e PCR reactions in 20 pi
reaction volumes consisting o f PCR M asterm ix (Qiagen, V alencia, California),
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forw ard and reverse prim ers (W herever, som ewhere, U SA)(Table 1) and RNase-free
w ater (Qiagen, Valencia, California). Reactions were perform ed using the m ultiplex
com parative critical threshold (C t) method relative to a reference gene (Cyclophillin
B) using an RNA iCycler (BioRad, Hercules, California). A C t values were obtained
by subtracting cyclophillin B C t values from the C j values o f selected genes. A C j
values for the pre-exercise samples for each gene were then subtracted from the A C j
values o f the post-exercise sample to obtain a A - A C j value. RNA activation was
then assessed by 2-

with pre-exercise samples for each subject equaling 1.

Immunoblotting - Western. M uscle hom ogenates were electrophoresed using
SDS/PAGE (10% polyacrylam ide gel) for 20 minutes at 100 V and 90 m inutes at 150
V, and subsequently transferred to nitrocellulose m em branes for 90 m inutes at 100 V.
M embranes were blocked with 5% nonfat milk pow der in Tris-buffered saline and
0.1% Tween. Blots were probed with prim ary antibodies at 4°C overnight followed
with horseradish peroxidase - conjugated secondary antibodies at 1:2000 in blocking
buffer. Antibody binding was assessed with chem ilum inescence (BioRad, Hercules,
California) and quantified with densitometry.

Statistical Analysis. D ata are means ±SE, with pre-exercise samples equaling 1, and
post-exercise results relative to resting. M eans were com pared using a t-test with a
set at 0.05
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ABSTRACT
P U R P O S E : The purpose o f this study was to assess transcriptional activation and
metabolic gene expression (L K B l, GLUT4, P G C la , M APKp38, C P T l, S IR T l)
following eight hours o f extended-duration exercise when exogenous carbohydrate is
provided. M E T H O D S : Recreationally active m ales (N=9) com pleted two eight-hour
bouts o f exercise consisting o f 25 minute increm ents o f cycle ergom etry and treadmill
exercise interspersed with three higher-intensity intervals; subjects were allowed five
minutes o f rest between segm ents. Subjects were provided with a standardized breakfast
and lunch and were supplied with 150 m L o f either a 10% carbohydrate beverage (CHO)
or a sweetened placebo (PLA). M uscle biopsies were obtained pre- and imm ediately
post-exercise. Tissue segm ents were either preserved in R N A la ter or frozen in liquid
nitrogen for future RT-PCR and Im m unoblot assays. Data were analyzed using
dependent, 2-tailed f-tests. R E S U L T S : There w ere no significant differences in mRNA
levels between the trials. There was a trend toward increased C P T l (p=0.1) mRNA
following the PLA trial when com pared to CHO. Protein analysis was inconclusive.
C O N C L U SIO N : The consistent physiological stim ulus during extended-duration
exercise may attenuate the subsequent activation o f substrate-dependent m etabolic
adaptation.

K E Y W O R D S : m RNA, skeletal m uscle gene expression, extended exercise,
carbohydrate feeding
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INTRODUCTION
M etabolic fuel selection during endurance exercise is a highly coordinated, substratedependent pathway under polygenetic control. Positive adaptations to endurance training
at the m olecular level includes increased oxidative capacity and m itochondrial
biogenesis, which ultim ately alter substrate utilization and oxidative capacity of skeletal
muscle (14, 18). The interactions o f genes involving both m etabolic and contractile
m olecular adaptations are not fully elucidated. However, num erous crucial genes
including L K B l, S IR T l and P G C la have recently been identified (17, 18, 31).

The L K B 1 protein kinase, a constitutively active upstream regulator o f the AM P Kinase
(AMPK) cascade, m oderates glucose uptake in response to m uscular contraction through
activation o f the glucose transporter GLUT4 (11, 29). L K B l is also essential in
m oderating protein synthesis and m aintaining cellular continuance during both calorieand carbohydrate-restriction. LKB 1 concentration is highly correlated with the presence
o f both hexokinase and citrate synthase, and is thought to be involved in the m olecular
adaptation to endurance training through the control o f gluconeogenic regulation (26, 28,
29). AM PK activation concurrently increases both m itochondrial biogenesis and
expression of peroxisome proliferator-activated receptor-y co activator-la (P G C la),
which initiates an expansion o f the m itochondrial netw ork and the capacity for cellular
oxidative m etabolism (2, 3).

The various isoforms o f peroxisom e proliferator-activated receptors (PPARs) are
prim arily involved in p-oxidation regulation in skeletal muscle tissue. PPAR-y isoform
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expression is m odulated through both silent inform ation regulator 1 (S IR T l) and co
activator P G C la. H igher levels o f skeletal m uscle PG C l have been shown im m ediately
follow ing 60 minutes o f endurance exercise in hum ans, and imm ediately follow ing six
hours o f prolonged swim m ing in rats (30). P G C la has also been shown to prom ote a
functional switch from fast- to slow-twitch muscle fibers, by increasing the m uscle’s
oxidative capacity and endogenous glucose production through mitochondrial biogenesis
in response to metabolic challenge (17, 24).

The increased gluconeogenic response o f P G C la is quickly attenuated unless stabilized
by m itogen-activated protein kinase p38 (M APKp38), making the expression of P G C la
short-lived, and lim iting the potential benefits. P G C la is also a co-activator of carnitine
palm itoyltransferase-1 (C P T l), a protein involved in fatty acid uptake and oxidation by
the m itochondria (35). In hum an m uscle tissue, C P T l controls the rate-lim iting step in
fat oxidation through the direct regulation o f m alonyl-CoA decarboxylase (5, 15). Fatty
acid substrates which therefore serve as P G C la ligands effectively modulate downstream
targets that directly control m etabolic fuel selection (C P T l) (5); although expression of
P G C la is upregulated by A M PK , S IR T l exerts dram atic regulatory effects (24).

Originally identified as a regulator o f aging, S IR T l also influences substrate utilization
and controls m itochondrial apoptosis (13). As a metabolic regulator SIR T l activation
prom otes fatty acid m etabolism and lypolysis while decreasing carbohydrate utilization in
body tissues and hepatic glucose m etabolism (17, 23). G luconeogenesis as a result o f
calorie restriction signals the induction o f S IR T l, converting nutritional status into
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physiological “cues” to utilize lipid substrates for cellular metabolism . Oxidation o f fatty
acid substrates is highly aerobic and, although less efficient than carbohydrate oxidation,
overall energy production is com paratively higher for the sam e absolute quantity o f
substrate. Im m ediate augm entation o f lipid-associated oxidative enzym es during
physical activity enables beneficial adaptation to both nutritional status as well as
physiological energy challenge.

Previous in vivo hum an research has focused on both im m ediate and “tim e-course
recovery” responses to short-duration physical activity, but results have been incongruous
and m ay be a result of either insufficient duration or intensity o f stimulus (1, 5, 6, 20, 21,
37). U tilizing a prolonged strenuous exercise protocol, a unique physiological stressor,
would ensure adequate stimulus during an exercise intervention for potential
m etabolically-adaptive genes. Additionally, carbohydrate utilization and
supplementation during strenuous prolonged exercise, which is necessary to m aintain
intensity, delay fatigue, and im prove perform ance (7), is a novel and practical approach
which would enable the investigation o f endogenous nutrient availability and exercise.

Physiological m anifestations o f carbohydrate supplem entation during exercise are based
in genetic adaptation, and are greatly influenced by pre-exercise substrate availability,
rate o f absorption, and exercise intensity and duration (5, 12, 15, 22, 35). Current studies
have begun to assess the m olecular effects o f carbohydrate supplementation during
extended-duration physical activity; how ever, only to a m axim um duration o f 150
minutes but m ore com m only lim iting exercise to 1 hour (5, 6). Practical applications o f
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extended-duration physical activity include ultra-endurance exercise com petition (ultra
m arathons, triathlons, cycling) and extended w orkshift scenarios (arduous occupational
and m ilitary applications). The relatively abbreviated and static characteristics o f
previously utilized exercise protocols are not applicable to a dynam ic, physiologically
challenging environm ent, which can include activity o f varied intensity and mode.
Current research has not consistently investigated changes in both mRNA and actual
protein expression (1, 5, 6, 37). W ithout assessm ent o f both m arkers o f genetic
adaptation, correlated with concom itant alterations in substrate availability in the active
muscle, conclusions regarding the relationship between substrate availability and genetic
expression cannot be made.

The purpose of the present investigation was to assess transcriptional activation and the
functional expression o f genes im plicated in m odulation o f glucose uptake (L K B l),
glucose transport (GLUT4), m itochondrial biogenesis (P G C la ), intracellular signaling
(M APKp38), fatty acid oxidation (C P T l), and substrate selection (S IR T l) in response to
extended exercise with and without supplem ental carbohydrate. W e hypothesized that
carbohydrate supplem entation w ould attenuate increases in genes involved in the
selection o f fatty acid substrates w hile genes involved in carbohydrate utilization would
be upregulated.
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METHODS
Subjects. Nine recreationally active m ales (28.9±11.5 yr., 57.4 ± 7.6 ml kg min ‘ and
62.4 ±7.4 ml kg m in

V02peak cycling and treadm ill, respectively) voluntarily

participated in the study. Subject characteristics are described in a parallel study which
determ ined the substrate utilization profile o f the extended-exercise protocol (33). Prior
to testing, subjects com pleted an inform ed consent from approved by the University
Internal Review Board.
Preliminary Testing. O n separate occasions two weeks prior to the initial exercise trial,
subjects’ fasted VOzpeak were determ ined on an electrom agnetically-braked cycle
ergom eter (Velotron, Seattle, W ashington) and treadmill (Quinton Q65, Seattle,
W ashington). Following a 10 m inute warm-up, VOzpeak testing on the cycle ergom eter
utilized a ram p protocol beginning at 0 W atts, increasing 30 W atts-min ' until volitional
exhaustion. Treadm ill VOzpeak testing began at 4.0 miles hr ' and 0% grade. Grade was
increased 1% at 30 second increm ents until subjects reached 20%; speed was increased to
5.0 miles hr ' and subsequently increased 0.5 m iles hr ' until volitional exhaustion.
Expired gas was analyzed during both cycle and treadmill VOzpeak testing with a
Parvom edics metabolic system (Parvom edics, Inc, Salt Lake City, Utah); ventilatory
threshold (VT) was determ ined using m ethods fam iliar to this lab (8). For descriptive
data, see Table 1.
Experim ental Design. Subjects were instructed to abstain from strenuous activity in the
24 hours prior to each trial. Beginning at 08(X), subjects com pleted both the carbohydrate
(CHO) and placebo (PLA) trials in a random , double blind cross-over design. Each 8hour bout o f exercise was separated by a m inim um o f one week. Each hour o f the trials
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consisted o f 25 m inute segm ents o f cycle ergom etry and treadmill exercise as previously
described (33).
D ietary Protocol and Supplem entation Procedures. Dietary intake was controlled 24
hours prior to each trial and supplied subjects with 5 g kg * of carbohydrate and 1.2 g kg *
protein. Subjects were instructed to record additional food consum ed in order to
duplicate the diet prior to the second trial. Subjects were given a standardized breakfast
prior to the start o f exercise (3223 kJs, 139 g CHO, 13 g fat, and 23 g protein) and a
standardized lunch (3600 kJs, 111 g CHO, 30 g fat, and 36 g protein) following hour 4 of
exercise. Subjects received 150 m L o f a 10% m altodextrin drink at 15 minute intervals
during the CHO trial, during the PLA trial subjects received 150 mL of a calorie-free
sweetened drink in the same manner.
M uscle Biopsies. Subjects reported to the lab at 0600 follow ing a 12-hour overnight fast.
After a 10-minute period o f rest a pre-exercise muscle biopsy was taken using a
technique fam iliar to this lab (25). A post-exercise muscle biopsy was taken immediately
after the cessation of exercise. Tissue was divided and either frozen imm ediately in
liquid nitrogen or incubated in 5 m L o f R N A /arer in RNase-free tubes overnight at 4°C;
all samples were transferred to -80°C until analysis.
Tissue Analysis
RNA isolation a n d reverse transcription. RNA was isolated from approximately
20 mg wet muscle using an RN A easy Fibrous Tissue extraction kit (Qiagen, Valencia,
California) protocol and reagents. RNA concentration was determ ined
spectophotometrically at 260 nm. cD N A was generated from 1.0 pg RNA using an
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iScript cDNA Synthesis Kit (Biorad, Hercules, California) and stored at -20° for
subsequent analysis.
mRNA quantification /P o lym era se chain reaction. Real-tim e PCR reactions in 20
fil reaction volumes consisting o f PCR M asterm ix (Qiagen, Valencia, California),
forw ard and reverse prim ers (Sigm a - Genosys, St. Louis, M issouri) (Table 2) and
RNase-free w ater (Qiagen, Valencia, California). Reactions were perform ed using the
m ultiplex com parative critical threshold (C t) m ethod relative to a reference gene
(Cyclophillin B) using an RNA iC ycler (BioRad, Hercules, California). A C t values were
obtained by subtracting Cyclophillin B C t values from the C t values of selected genes.
A C t values for the pre-exercise sam ples for each gene were then subtracted from the A C t

values of the post-exercise sam ple to obtain a A - A C t value. RNA activation was then
assessed by 2-

with pre-exercise sam ples for each subject equaling 1.

Imm unoblotting (Western). Protein analysis for individual genes was not done
due to thawing o f sam ples en route to lab for analysis.
Statistical analysis. D ata were analyzed using dependent, 2-tailed f-tests.
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RESULTS
Transcriptional Activation. Resultant mRNA quantities in response to extended-duration
endurance exercise and carbohydrate supplem entation on L K B l, GLUT4, P G C la ,
M APKp38, C P T l and S IR T l are displayed in Table 3, and a graphic representation in
Figure !.. PCR am plification o f P G C la w as not successful. There was not a significant
difference in m RNA levels betw een the CHO and PLA trials for the genes exam ined;
however, there was a trend towards significance in C P T l between the trials (p = 0.1).
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D IS C U S S IO N
D ata do not support the hypothesized alterations in m RNA content o f human skeletal
m uscle in response to carbohydrate supplem entation follow ing extended-duration
physical activity. The transient nature o f genetic activation and expression ensures
conservation o f m olecular substrates. m RNA expression in response to dietary and
exercise interventions enables im m ediate m odification o f m etabolic processes, prom oting
physiological adaptation to substrate availability, exercise intensity and duration (5, 12,
15, 22, 35). System ic physiological m anifestations o f genetic expression and subsequent
m odification o f substrate selection include adaptations in hepatic glucose m etabolism
through both the gluconeogenic and glycolytic pathways (16, 24). On a cellular level,
positive adaptations include m itochondrial biogenesis and functional changes in enzyme
profiles that prom ote oxidative m etabolism and increased num bers of slow twitch-type
fibers (17).

The trend toward decreased C P T l m RNA expression below baseline with CHO
supplementation suggests an attenuation o f lipid-oxidative genes sim ilar to that of shortduration endurance exercise studies (1 ,5 , 6). The suppression o f RNA activation would
suggest the m odulation o f lipid oxidative genes at a translational level by systemic
substrate availability; how ever, the lack o f m arked differences in mRNA concentration
could be due to the subjects’ training status which m ay produce constant transcriptional
adaptation resulting in higher base levels of lipid oxidation (27, 36). Additionally, the
high level o f variance in m RNA expression o f the selected genes could be due to age- or
training- dependent alterations in m itochondrial function and oxidative capacity (9, 32,
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36). C onditioned endurance athletes have a higher ATP/AD P ratio at a given oxygen
consum ption rate com pared to untrained individuals due to increased oxidative capacity
that confers the added benefit o f augm ented fat oxidation at higher absolute exercise
intensities (19, 34). However, an increase in age attenuates the positive physiological
adaptations to endurance exercise due to lim ited cellular m aintenance. Decreased
m itochondrial function due to oxidative dam age in the aged individual causes an
alteration in the overall oxidative capacity o f the skeletal muscle, independent o f training
status (9). High variance in subjects’ age could augm ent inter-individual differences in
the im m ediate adaptive response extended-duration endurance exercise.

C onsistent long-term endurance training causes beneficial structural and functional
adaptations as a result o f the increased “ steady state” RNA and subsequent gene
activation (27). Consequently, higher levels of RNA are required to m aintain the training
adaptation, and individuals are subsequently less responsive to an acute exercise
stimulus. Additionally, the high variances in m RNA levels in the current study suggest
disparity in overall training status betw een the subjects, although V02peak and VT are
comparable. The arduous nature o f the exercise protocol may also negate the subtle
effects o f carbohydrate supplem entation. A ge-associated alterations in metabolic
function could contribute to disparities in translational adaptation in response to
prolonged exercise.

The resultant levels o f G LU T4 m RN A display a sim ilarity in transcriptional activation
between CHO and PLA trials in response to extended-duration endurance exercise.
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seem ingly independent o f carbohydrate ingestion. As previously reported (33) pre
exercise levels of m uscle glycogen content was sim ilar for both trials. In contrast, the
rate o f muscle glycogenolysis w as significantly higher during the PLA trial (8.4 ± 3 .7 and
12.2 ± 6.3 mmol kg wet wt. ' hour ' for PLA and CHO respectively; p<0.05). The
present results contradict previous observations that metabolic gene activation is
dependent solely on the rate of glycogen utilization throughout exercise rather than
overall substrate availability (21). Sim ilar to the effects of exercise intensity and duration
on m etabolic adaptation, both substrate availability and substrate utilization impact
translational activation. However, when the exercise stimulus results in a dramatic
negative energy balance, the potential effects associated with exogenous substrate
delivery m ay be suppressed.

RNA concentrations o f L K B l and S IR T l also decreased following the CHO trial when
compared to baseline, although not significantly. The resultant increased activation o f
SIR T l in response to both lim ited carbohydrate substrate and caloric restriction coincide
with previous studies in both fasting hum an and transgenic m urine populations (4, 13).
S IR T l expression which lim its glycolysis and increases hepatic gluconeogenesis, acts as
a physiological substrate gauge, m oderating cellular m etabolism and apoptosis. The
reduction in SIR T l in response to nutritional intervention rather than exercise further
supports its role in the m aintenance o f substrate hom eostasis during times o f nutritional
stress.
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M ean LKB 1 RNA concentration in response to the PLA trial, although not significantly
higher, suggests the initiation o f pathw ays activated during times o f lim ited carbohydrate
substrate availability. The activated LKB 1 / A M PK pathway attenuates protein synthesis
and decreases apoptosis, acting as a protective m echanism during caloric restriction (10).
It has also been hypothesized that LKB 1 contributes to the maintenance o f m itochondrial
density in response to adaptation follow ing interval-type endurance training (29);
however, without transcriptional analysis o f protein expression in the present study, the
effect o f carbohydrate supplem entation on mitochondrial adaptation cannot be confirmed.

Extended-duration endurance exercise is a unique physiological stressor which causes
significant physiological perturbation, challenging the body to consistently regulate
cellular processes in order to m aintain hom eostasis. The scope o f the current exercise
intervention is unique in the extent to which it dynam ically taxes the body’s
physiological systems; however, the sum m ation o f the stress could be a primary factor in
the lack o f a significant difference in translational activation of select genes between the
CHO and PLA trials. Consistent physiological stim ulus could confer a stress-type
response, attenuating the subsequent activation of substrate-dependent metabolic
adaptation until a recovery period is initiated.

In conclusion, to our know ledge, this is the first study to investigate the effects of
carbohydrate supplem entation on translational activation follow ing extended-duration
endurance exercise lasting eight hours. G LU T4 m RNA concentration was not
significantly different betw een trials despite a higher rate o f muscle glycogenolysis
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during the PLA trial, which opposes the hypothesis that GLUT4 activation is dependent
on the rate of substrate utilization. There was a trend towards decreased C P T l mRNA
concentration during the CHO trial suggesting a potential relationship between
carbohydrate availability and the translational activation o f genes involved in fatty acid
m etabolism .

The em erging fields o f genom ics and proteom ics in exercise physiology are valuable
tools in the identification o f genetic alterations relative to m etabolic states and
physiological adaptation to endurance exercise. Future studies should more tightly
control confounding variables, such as age, in order to elucidate the effects of nutritional
status on genetic activation at specific tim e points throughout life.
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Table 1. D escriptive data, m aies (n=9)
A ge (yr)
H eight (m)
W eight (kg)
Fat-free m ass (kg)
Treadm ill (V 02peak)
L/m in
m l/kg/min
C ycle Ergom eter (V 02peak)
L/m in
m l/kg/m in
Values are means ± SD

28.9
1.78
74.0
66.8

± 11.5
± 0 .0 5
± 11.6
± 7.6

4.6 ± 0.5
62.4 ± 7.4
4.2 ± 0.6
57.4 ± 7.6

Table 2. Prim er sequences
Gene
Cyclophilin B

GLUT4

MAPKp38

PG C lo

CPTl

LKBl

SIRTl

GenBank Accession
No.
NP_000933

NM_001042

L35253

N M _013261

Y08683

U63333

NM_012238

Primer Sequences
Forward

5'-GCC ATG GAG CGC TTT GG- 3

Reverse

5'-CCA CAG TCA GCA ATG GTG ATC-'3

Forward

5’-CCA ACA GAT AGO CTC CGA AGA-3’

Reverse

5 -CGC AGA GAA CAC AGC AAG GA-3’

Forward

5 -GCC CAA GCC CTT GCA CAT-3'

Reverse

5 -TGG TGG CAC AAA GCT GAT GAC-3’

Forward

5 -TCC TCT TCA AGA TCC TGC TAT TAC-3'

Reverse

5 -CCA CAG TCA GCA ATG GTG ATC-3'

Forward

5 -GAG GCC TCA ATG ACC AGA ATG-3'

Reverse

5 -GTG GAC TCG CTG GTA CAG GAA-3'

Forward

5 -AAC TAC TGA GGA GGT TAC GGC ACA-3'

Reverse

5'-ACA CAC GCA GTA CTC CAT CAC CAT-3'

Forward

5' TAC GAC GAA GAC GAC GAC GA-3'

Reverse

5'-CGC CGC CGC CGC CTC TTC C-3'

Glut4, glucose transpoiter-4; MAPKp38, mitogen-activated protein kinase-p38; P O C la, peroxisome proliferator-activated receptor-y
coactivator-la; CPTl, carnitine palmitoyltransferase-1; SIR Tl, silent information regulator-1
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Table 3. mRNA quantities in response to extended-duration endurance
CHO

PLA
Gene
GLUT4
MAPKpSS
CPTl
LKBl
SIR T l
Values expressed

1.243±0294
1.557±0.818
0.802±0.127
1.007±0.256
0.574+0.170
1.204±333
0.696±0.343
1.152±0.312
0.771+0.241
1.058±0.341
as m eans ± SER are arbitrary units.

C a p tio n s
F ig u re 1. Exercise-induced alterations in m etabolic gene activation for the PLA and
CHO trials. Values expressed as m eans ± SER; n=9.
F ig u re 1

CHO
□ PLA

CPTl

LK Bl

SDRT

MAPKp38

Glut4
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APPENDIX I
Inform ed Consent

■■
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Effects o f carb o h y d rate feedings on blood glucose an d muscle glycogen d u rin g extended exercise

P rincipal Investigator:

B ren t C. R uby, Ph.D .

Location:

H u m an P erform ance L ab o rato ry
M cGill H all #121
T he U niversity o f M o n tan a
M issoula, MX 59812
(406) 243-2117/(406) 243-4780

P urpose
The purpose of this project is to determine the effects of high carbohydrate food/drink sources on blood
glucose, and changes in muscle glycogen during extended exercise. A secondary purpose is to evaluate the
muscle recovery process from extended exercise. The information collected in this study will help
determine the effects o f supplemental carbohydrate consumption on muscle fuel use and how well the
muscle recovers.
As a participant in this study you will complete the following assessments. 1) a pre-screening assessment
which involves a health/exercise history questionnaire (Par-Q), 2) a measure of percent body fat obtained
using a underwater weighing, 3) a maximal treadmill test and maximal cycle ergometer test to measure
aerobic fitness levels, 4) two eight-hour work/rest sessions involving cycling and treadmill walking/jogging
5) collection of expired gases to determine fuel use during the 8-hour work/rest session, 6) consumption of
one of two different types o f liquid carbohydrate every hour o f exercise, 7) venous blood samples collected
from an arm vein (pre-exercise, after 4 and 7 hours and immediately post-exercise) for measures of blood
glucose, lactate, and insulin 8) saliva samples collected at various times before, during and after each
exercise session, 9) a total o f six muscle biopsies (three muscle biopsies per 8-hr trial; a) early in the
morning before the exercise session begins, b) late in the afternoon after the exercise session is completed),
and c) 12 hours following the completion of the exercise trial, 10) the completion o f a 30 kilometer time
trial on the same cycle ergometer, and I I ) the collection of multiple urine samples during the day before,
the day of and the day after the exercise trial and recovery period to evaluate cellular damage and repair.
Body F at M easurem ent - U n d erw ater W eighing:
This test session will require that you do not eat for a minimal of 3 hours prior to the testing.
Prior to the test, body weight will be recorded in your bathing suit. You will then be asked to
complete between 3 - 6 underwater weighing procedures. The underwater weight requires
that you are submersed in our weighting tank (similar to a hot tub) and that you maximally
exhale as much air as possible while underwater. The underwater weight will be recorded
within 2-4 seconds and then you will be signaled to surface. This procedure will be repeated
until three measurements have been obtained that are within 100 grams of each other. A nose
clip will be provided upon request. This test will take approximately 30 minutes.
M axim al E xercise T est - T readm ill;
This test will consist of walking and running on a motorized treadmill to a maximal effort.
The speed and grade o f the treadmill will progress to fatigue. You will be encouraged to
continue to walk/run until exhaustion. During the entire testing session on the treadmill, you
will wear a nose clip and headgear that will support a mouthpiece. This will allow us to
measure the amount o f oxygen the body uses during the exercise. Heart rate will be measured
using an elastic chest strap that is worn on the skin under your shirt around your chest. This
test will take approximately 45 minutes to 1-hour. You will be asked to fast for
approximately 3 hours prior to this test.

M axim al Exercise Test - Cycle:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

48
This test will consist of riding on a laboratory exercise cycle to maximal effort. The
resistance of the cycle will increase each minute and will progress to fatigue. You will be
encouraged to continue to ride until exhaustion. During this test you will wear a nose clip and
headgear that will support a mouthpiece. This will allow us to measure the amount o f oxygen
that the body uses during this exercise. Heart rate will be measured using an elastic chest
strap that is worn on the skin under your shirt around your chest. This test will take
approximately 45 minutes to 1 hour. You will be asked to fast for approximately three hours
prior to this test.
8-hour Exercise/Rest Session:
You will be asked to report to the laboratory after a 12 hour fast, at approximately 7:00 AM.
Upon arrival, you will be asked to void your bladder and your nude body weight will be
measured. A cognitive function test using a computer program will evaluate your decision
making skills and reaction times. A saliva sample will be collected using a cotton swab that is
placed in your mouth near your cheek for approximately 5 minutes. Prior to exercise, a blood
samples will be obtained from an arm vein (7-10 ml). A muscle biopsy will then be obtained
from your front thigh muscle (this is detailed below). You will then be provided with a sports
drink (600 ml) just before initiating the exercise session. Each of the 8-hr sessions will be
completed as eight, 1-hour sessions as follows:
1)

Twenty-five m inutes o f cycling. This exercise period will be completed as 25 minutes
o f cycling at approximately 50% of your maximal capacity.

2)

Five-m inute rest and transition to treadmill.

3)

Twenty-five m inutes o f treadm ill exercise. This exercise period will be completed as
25 minutes of treadmill walking at approximately 50% of your maximal capacity.

4)

Five-m inute rest.

Additional saliva samples will be collected after each hour of exercise. After the completion
of the fourth 1-hr session, a second blood sample will be obtained and you will be asked to
provide a saliva sample. The remaining four 1-hr sessions will be identical to those above.
After the final 8'^ exercise period, a third blood sample and the final saliva sample will be
obtained. This will be followed by a post exercise nude body measurement and the post
exercise muscle biopsy.
Recovery P eriod and Exercise Perform ance:
Following the completion of the post exercise muscle biopsy, you will be provided with a
standardized high carbohydrate drink and one o f two different supplements (experimental and
placebo). The experimental supplement includes a series of amino acids normally found in
meat and legumes. The placebo supplement will contain simply gelatin. This initial feeding
will be followed by a standardized high carbohydrate meal 2 hours post exercise and another
supplement. At 4 and 6 hours post exercise, you will be provided with another standardized
high carbohydrate drink and another amino acid or placebo supplement. This last drink will
be consumed at approximately 10:00 PM. After this, you will be asked to go to sleep in the
lab. A male research assistant will be staying in the lab as well. This will allow us to better
control your activity and dietary restrictions during the recovery period. The following
morning, we will wake you at approximately 6:00 AM. At this time, the last muscle biopsy
will be obtained. You will then complete the 30 km time trial on the same cycle ergometer.
During the time trial, you will be aisked to complete 30 km (approximately 18.5 miles) as fast
as possible. During this period, you will not be allowed to listen to music. You will also not
be provided with any form of verj>il encouragement.

M uscle Biopsies:
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A total o f six muscle biopsies (three from each leg) will be obtained from your front thigh
muscle (vastus lateralis, approximately 6 inches up from the kneecap on the lateral side of
your thigh) from each leg. The muscle biopsy procedure requires that the site be sterilized.
After the site is cleaned, a small amount of lidocaine will be injected just under the skin
surface. Additional small amounts of lidocaine will be injected around a small 1-inch area
around tite site on the leg. After the area is treated with the lidocaine (approximately 5 ml,
1% lidocaine), a small incision (approximately 1/4 inch long) will be made through the skin
and to a depth o f approximately 3/4-1.5 inches. The biopsy needle will then be inserted
through the incision and the sample obtained. After the sample is obtained, the site will be
cleaned and closed with steri-strips and/or a single stitch and bandaid and wrapped with an
ace bandage. A flexible ice pack will then be placed on the site for 10 minutes. The biopsy
samples will be obtained a) prior to the 8-hour exercise/rest session, b) immediately after the
8-hour exercise/rest session (on the same leg, but approximately 1 inch above the initial
sample), and approximately 15 hours after the 8-hour exercise session (on the same leg, but
approximately 2 inches from the initial sample). This will be repeated for the second trial
using the opposite leg. The muscle biopsies will be used to evaluate alterations in muscle
carbohydrate and fat stores in response to physical activity. Latex free bandages will be
provided if subjects have a known allergy to latex. All of the muscle biopsies will be
conducted by Dr. Brent Ruby, the study director.

Body Weight:
Your nude body weight will be measured using a digital scale prior to, after 4-hours, and
immediately following each 8-hour exercise/rest session. All measures will be done in
private.

Supplemental Carbohydrate Beverage:
During each 8-hour exercise/rest session, you will be given one of two different carbohydratecontaining beverages. You will be asked to drink a predetermined amount (approximately
270 ml, approximately 10 oz, just over 1 cup) o f the solution at the top o f each hour, and at 20
minute intervals throughout the day. The two different sources o f carbohydrate are both
glucose. However, during one trial, the glucose will include a small amount of a labeled
glucose tracer ('^C glucose - a stable isotope of glucose). This is a stable isotope that is
metabolized the same by the body and working muscles. However, because of the label, it
will allow us to quantify how much of the carbohydrate you drink is used as fuel by the
working muscle.

Arm vein blood samples:
During each 8-hour exercise session, periodic blood samples will be collected (pre-exercise, 4
hour, 7 hour, post-exercise). These samples are being collected to evaluate changes in blood
sugar throughout each exercise session as well as lactate and insulin. All of die blood samples
will be obtained under the direction o f Dr. Brent Ruby, the study director and a trained
phlebotomist.

Urine collection:
During the day before, the day of and the day after the 8 hr exercise session, multiple urine
samples will be collected to more fully evaluate cellular damage and repair. This will simply
require you to urinate into collection containers at various times throughout these days.

Risks and Discomfort
1.
2.
3.

Mild discomfort may result during and after the exercise. These discomforts include shortness of
breath, tired or sore legs, nausea and possibility o f vomiting,
Muscle soreness after the tests may occur as a result of the exercise, but should not persist.
Certain changes in body function take place \vhen any person exercises. Some of these changes are
normal and others are abnormal. AbnormM changes may occur in blood pressures, heart rate, heart
rhythm or extreme shortness of breath. Very rare instances o f heart attack have occurred. Every effort
will be made to minimize possible problems by the preliminary evaluation and constant surveillance
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4.
5.

6.

7.

8.

9.

during testing. A trained CPR technician will be on hand at all times and the laboratory has standard
emergency procedures should any potential problems arise.
You will be informed o f any new findings that may affect your decision to remain in the study.
The muscle biopsy and blood sampling techniques may cause some local and temporary discomfort. It
is normal to have the sensation of a deep tissue bruise around the site o f the muscle biopsy. This pain
should be manageable and not above the pain associated from a “charlie horse” type bruise.
There is a minor risk o f infection associated with blood sampling and the muscle biopsy. Should you
notice unusual redness, swelling or drainage at the biopsy incision site or at the sites o f the blood
sampling sites you should seek medical attention and then notify Brent Ruby, study director.
Thera are minimal risks associated with the use of lidocaine (the local anesthetic). The risk of a
reaction to the lidocaine is extremely low (approximately 1/1,000,000). However to minimize this
risk, no more than 5-9 ml of a 1% lidocaine solution will be used per biopsy.
During any of the exercise tests should symptoms, such as chest discomfort, unusual shortness of
breath or other abnormal findings develop, the exercise physiologist conducting the research will
terminate the test. Guidelines by the American College of Sports Medicine will be followed to
determine when a test should be stopped. These symptoms include moderate to severe angina (chest
pain), increased dizziness, shortness o f breath, fatigue and your desire to stop.
You will be excluded from participation if you have a known history of allergic reactions to local
anesthetics.

Benefits of Participating in This Study
1.

Upon completion o f the preliminary tests (body fat, treadmill, cycle and arm ergometer max tests), you
will be paid $50. Upon completion o f the first 8-hour exercise/rest session, you will be paid another
$150. Upon completion o f the second 8-hour session, you will be paid another $200. Therefore, upon
completion o f the entire study, you will be paid a total o f $400. If you decide to withdraw at any time,
you will be compensated for the test sessions you have completed or initiated.

2.

The information from these tests will provide you with an accurate assessment of you aerobic fitness
and body composition that can be compared with norms for your age and sport but may be of little
benefit to your understanding of your personal fitness. There are no other direct benefits to the
participants in the study.

3.

There is no promise that you will receive any benefit outside of the financial payment as a result of
taking part in this study.

Confidentiality
All results will be kept in strict confidence among the subject involved and the Principal Investigators and
other Co-Investigators. During the entire period o f data collection, subject records will be kept within the
Human Performance Laboratory and will be locked under the direction o f the Principal Investigator.

Compensation for Injury
Although we believe that the risk o f taking part in this study is minimal, the following liability statement is
required in all University o f Montana consent forms. In the event that you are injured as a result o f this
research you should individually seek appropriate medical treatment. If the injury is caused by negligence
o f the University or any o f its employees, you may be entitled to reimbursement pursuant to the
Comprehensive State Insurance Plan established by the Department o f Administration under the authority
of
Title2, Chapter 9. In the event o f a claim fo r such injury, further information may be obtained
from the University’s Claim representative or University Legal Counsel.

Voluntary Participation and Withdraw!
It is important that you realize that you are freç to withdraw from the study at any time. As mentioned
above, even if you decide to drop out o f th^ study, you will receive full compensation for all the test
sessions you complete or initiate.
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A copy o f this consent form will be provided for you at your request. In addition, the data collected during
this study will be done at no cost to you.

Statement of Consent
1 have read the above statements and understand the risks involved with this study. I authorize Brent C.
Ruby and such assistants that he may designate, to administer and conduct the testing as safely as possible
with a minimal amount o f discomfort. If I have additional questions, I may contact Brent C. Ruby at home
(406) 542-2513, cell (406) 546-4691 or at the Human Performance Laboratory (406) 243-2117.

Participant (print)
Signature

Date

Permanent Mailing Address
(for payment purposes)

___________________________________
___________________________________

Investigator/Witness Signature
(print)

_____________________________________________

Investigator/Witness Signature

_______________________________ Date ________

Subject statement of consent to be phott^raphed during data collection
During the study, I understand that pictures may be taken. I provide my consent to having my picture taken
during the course of the research study. I provide my consent that my picture may be used in some
presentations related to this study. If pictures are used at any time for presentation, names will not be
associated with them.
Signature

_______________________________________________ Date

_______
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Appendix II
Tables and Figures
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Table 1. D escriptive data, maies (n=9)
A ge (yr)
H eight (m)
W eight (kg)
Fat-free m ass (kg)
Treadm ill (V 02peak)
L/m in
m l/kg/m in
C ycle Ergom eter (V 02peak)
L/m in
m l/kg/m in
Values are m eans ± SD

28.9
1.78
74.0
66.8

± 11.5
± 0 .0 5
± 11.6
± 7.6

4.6 ± 0.5
62.4 ± 7.4
4.2 ± 0 .6
57.4 ± 7.6

Table 3. mRNA quantities in response to extended-duration endurance
exercise and carbohydrate supplem entation on select genes (n=9)
_________ PLA_________
Gene
GLUT4
M APKp38
CPTl
LKBl
SIR T l
Values expressed

_________ CHO_______

1.243±0294
1.557±0.818
0.802±0.127
1.007±0.256
1.204±333.
0.574±0.170
1.152±0.312
0.696±0.343
1.058±0.341
0.771 ±0.241
as m eans ± SER are arbitrary units.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

54

T able 1. P rim er sequences
G ene

G enB ank Accession No.

Cyclophiliin B

NP_000933

GLUT4

MAPKp38 '

P G C la

CPTl

LKBl

SIRTl

NM_001042

L35253

NM_0I3261

Y08683

U63333

NM _0I2238

P rim er Sequences
Forward

5 -GCC ATG GAG CGC TTT GG '3

Reverse

5 -CCA CAG TCA GCA ATG GTG ATC- 3

Forward

5 -CCA ACA GAT AGO CTC CGA AGA-3'

Reverse

5 -CGC AGA GAA CAC AGC AAG GA-3'

Forward

5 -GCC CAA GCC CTT GCA CAT-3

Reverse

5 -TGG TGG CAC AAA GCT GAT GAC 3

Forward

5 -TCC TCT TCA AGA TCC TGC TAT TAC-3'

Reverse

5 -CCA CAG TCA GCA ATG GTG ATC-3’

Forward

5 -GAG GCC TCA ATG ACC AGA ATG-3'

Reverse

5 -GTG GAC TCG CTG GTA CAG GAA-3'

Forward

5 -AAC TAC TGA GGA GGT TAC GGC ACA-3'

Reverse

5 -ACA CAC GCA GTA CTC CAT CAC CAT-3'

Forward

5 -TAC GAC GAA GAC GAC GAC GA-3'

Reverse

5 -CGC CGC CGC CGC CTC TTC C-3'

Glut4, glucose transpoiter-4; MAPKp38, mitogen-activated protein kinase-p38; PO C la. peroxisome proliferator-activated
receptor-f coactivator-la; C P T l, carnitine palmitoyltransferase-1; SIR Tl, silent information regulator !
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F ig u re 1. Effect o f carbohydrate supplem entation on exercise-induced alterations in
m etabolic gene activation. Values expressed as means ± SER; n=9.
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Appendix III
D ata Sheet and Statistical Analysis
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RT-PCR output & f - test

m la 2
m 2a2
m3a2
m4a2
m 5a2
m 6a2
m ?a2
m8a2
m9a2

CPTl
0.30779
0.00004
0.51763
0.42045
0.22531
0.51763
0.32988
1.56917
1.27456

LKBl
0.32988
0.00996
0.24148
0.73204
0.34151
0.45063
0.10882
3.36359
0.68302

S IR T l
0.57435
0.00108
0.73204
1.03526
0.68302
2.07053
0.05831
1.68179
0.10511

M A P K p38
0.30779
0.17076
0.84090
0.51763
1.27456
0.93303
2.54912
1.46409

G lut4
0.28717
0.00001
0.59460
2.37841
0.27739
0.59460
0.21764
7.72749
1.93187

m ean

0.57361

0.69566

0.77128

1.00723

1.55658

st e r r o r

0.17048

0.34277

0.24095

0.25571

0.81829

m lb 2
m2b2
m3b2
m4b2
m5b2

0.93303
0.32988
0.73204
1.14870
3.73213

1.41421
0.23326
1.31951
0.50000

0.15389
0.50000
1.18921
3.24901
1.14870

0.87055
0.35355
0.59460
1.41421
1.14870

0.46652
0.35355
0.51763
1.86607
1.00000

m6b2
m ?b2
m8b2
m9b2

1.00000
1.27456
1.18921
0.50000

3.24901
0.90125
1.18921
0.40613

0.75786
1.46409
0.00377

0.61557
0.84090
1.10957
0.26794

1.62450
0.90125
3.13834
1.31951

m ean
st e rr o r

1.20439
0.33327

1.15157
0.31833

1.05832
0.34089

0.80173
0.12692

1.24304
0.29411

value

0.11138

0.36052

0.51019

0.48687

0.72313
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